been achieved in few species and then only on a limited scale (Schaal, 1980; Handel, 1983; Baker, 1981; Singleton and Hay, 1983) . The difficulties usually encountered in attempting direct estimation have led most workers to use indirect methods. There have been three general approaches. In the first, the dispersal of individuals is determined on the assumption that the movement of individuals is approximately equivalent to the movement of genes (e.g., Endler, 1977; Gill, 1978; Jones et a!., 1981; Patton and Feder, 1981; Coyne et a!., 1982; McCauley, 1983) . The second approach involves the estimation of the standardised variance (FST) of gene frequencies among populations, on the assumption that this is a function of the extent of gene flow between them (Endler, 1977; Eanes and Present address: Department of Zoology, The University of Oklahoma, Norman, Oklahoma 73019, U.S.A. Koehn, 1978; Daly, 1981; Zera, 1981) . The third approach is suggested by Slatkin (1981) , who showed that an allele's average frequency among local populations, conditioned by the number of local populations in which it occurs, is largely independent of selection intensity and mutation rate, but is strongly dependent on gene flow (tn) and effective population size (Ne). This "conditional average allele frequency" (pt) can be used as an estimate of the compound parameter Nem, as demonstrated by Larson et a!. (1983) .
There are problems with all three of these approaches. The relationship between dispersal and gene flow may be complicated by the breeding and social behaviour of the species and for this and other reasons, discussed by Endler (1977) , it is generally supposed that gene flow is spatially restricted in relation to dispersal, at least in animal species. The extent to which this is the case has not been determined in any particular instance, but estimates of dispersal will tend generally to be overestimates of gene flow. Allele frequency variances are affected by population size and by natural selection as well as by gene flow. Only when the effective sizes of populations are known and the effects of selection are either known, or can be assumed to be negligible, can the extent of gene flow be inferred from allele frequency variances among populations. Similarly, the conditional average allele frequency depends on both effective population size and gene flow, and gene flow cannot be determined from estimation of p, without an independent estimate of Ne.
In human populations gene flow has been estimated directly by studying the changes in gene frequencies which result from admixture of previously isolated, genetically different populations, particularly of Caucasians, Amerindians and Blacks in North and South America (e.g., Workman, 1973; Ward and Neel, 1976; Crawford et al., 1981; Franco et al., 1982 ). This approach is made possible by the availability of information on the demographic history of these populations. Such information usually does not exist for populations of other species, so that the approach has not been applied except to humans.
I apply the approach here to populations of the neotropical Giant Toad, Bufo marinus, whose introduction and spread in Australia have been well documented. Admixture is determined in populations in the Townsville region of north
Queensland, that appear to lie between three populations established in isolation from each other 35 to 40 years ago, and which were formed as these earlier established populations expanded towards each other and merged. The admixture estimates will be used to infer rates of gene flow. The gene flow estimate presented here will be discussed in relation to the rates at which B.
marinus has dispersed into new areas in Australia and to estimates of the effective size of B. marinus populations in Hawaii and Australia (Easteal, 1985a) .
MATERIALS AND METHODS
One-thousand, nine-hundred and seventy-four toads were collected in 1979 and 1980 from 21 localities in the area of Townsville. Specimens were transported live to the laboratory where they were killed either by pithing or freezing. All methods of tissue preparation, electrophoresis and histochemical staining are as described in Easteal (1982; 1985a) . All explanations of locus nomenclature and its abbreviation can also be found in these other publications. Electrophoresis was performed using horizontal 12 per cent starch gels or cellulose acetate plates.
Allele frequencies were weighted for sample size in calculating their means and variances. The genetic identities (I) and genetic distances (D) between populations were calculated by the method of Nei (1978) . Populations were clustered in dendrograms of genetic relatedness using the unweighted pair group method of Sneath and Sokal (1973) (Easteal, 1981) . , Easteal eta!. (1985) and have described the subsequent spread of the species in Queensland, based on distribution and first sighting records compiled by Floyd et a!. (1981) . Large numbers of toads are known to have been released in the Ingham/Bambaroo and Giru/Ayr districts between 1936 and 1937 (Mungomery, 1937) . These districts are approximately 100 kilometres north-north-west and 50 kilometres south-east of Townsville respectively. Floyd et a!. (1981) Among the mainland populations there is also allele frequency variation. This was estimated as sT = u2/( 1 -), wherecr2 is the variance of allele frequencies among populations (corrected for sampling error variance as described by and is the mean allele frequency among populations. Significance of allele frequency variation among populations was tested using the method of Workman and Niswander (1969) .
Among all mainland populations there is highly significant allele frequency variation (p <0.0001) at five of the nine polymorphic loci and no significant variation at the remaining four loci (table  2) . Among populations in the city of Townsville (2-7), and among populations surrounding the town of Giru (13-21) there is no significant variation at any locus. The weighted mean frequencies for these two homogeneous regions are in genetic uniformity of the populations in the city of Townsville (2-7), and the fact that these are distinct from those at Giru (13-21). It indicates that, of the five populations outside these two areas, three (Ross River Dam (11), Upper Ross River (10) and Birigaba (8) population. It can be assumed therefore that initially they all had approximately the same allele frequencies at polymorphic loci (Easteal, 1985a) . The Giru and the Woodstock populations are not genetically distinct from the other initial-release populations whereas the Townsville populations, which are derived from them, are distinct ( fig. 3 ).
This would suggest that the allele frequency changes that gave rise to the differences between the Townsville populations and those at Woodstock and Giru occurred substantially in the Townsville populations. It seems likely that these changes have resulted mainly from genetic drift rather than natural selection. As in the case of the Magnetic Island population, there are rare alleles which occur in almost all the original release populations but which are absent in all the Townsville populations. Also, it seems unlikely that greater selective regime It is more likely that the allele frequency changes occurred when the Townsville populations were established, either by a Continuous range expansion through the region with new peripheral areas being successively colonised by a few toads each generation, or from a single "founder effect" accompanying the establishment of an isolated population in Townsville. The first of these is unlikely. In other regions where populations have been established by continuous range expansion (e.g., on the island of Oahu in Hawaii (Easteal, 1985a) and elsewhere in Queensland (Easteal, 1985b) ) there is no evidence of resulting allele frequency changes (although this is not true for discontinuously established populations (Easteal, 1985b) ). Also, if the numbers of colonising individuals are approximately the same in each generation the extent of random gene frequency changes will be similar at all stages of a colonising episode and there will be differences between populations throughout the region across which colonisation has occurred. This is not the pattern observed; there are no differences among the populations in the large area around the city of Townsville. Furthermore, as the spatial patterns of allele frequency variation generated by genetic drift during a range expansion are analogous to the temporal patterns of variation produced by genetic drift in a static population (Easteal, 1985b) , the direction of change of frequency of successive stages of colonisation is independent. Unidirectional changes in frequency will not occur consistently across loci. Hence, at least during the early generations following a range expansion, allele frequencies in the path of colonisation will not be consistently intermediate between the frequencies in the source population and those further along the path. As will be discussed in detail later, the loci at which there are substantial allele frequency differences between the Townsville and the Giru and Woodstock populations all show monotonic patterns of change along both transects between these localities. This further suggests that a continuous range expansion was not responsible for the observed variation.
The production of the variation by a founder event at Townsville would lead to homogeneity of allele frequencies among the Townsville populations and among the source populations, with consistent monotonic changes in frequency between these populations, reflecting the degree to which introgression has occurred as the populations expanded out to meet each other. This is the observed pattern. Assuming that the variation was generated in this way it may be possible to infer rates to gene flow from analysis of the allele frequencies in the populations in the zones of introgression (i.e., those at Alligator Creek, Giru and 29 km between Townsville and Woodstock. They may be shorter than this because of the error in the estimates of M, but they cannot be any longer, the predicted zones of introgression both border on the city of Townsville in which the populations are known to be genetically uniform.
The centres of the introgression zones (i.e., the locations of the populations with 50 per cent admixture) will correspond to the places where the populations met as they expanded out from their source localities if dispersal has been at the same rate in both directions. The two populations would have met at the centre of their introgression zone in 1951 if they both spread out at a rate of 2 km/year. A similar analysis of the TQwnsville-Woodstock introgression zone showed that the populations founded at these two localities could not have dispersed towards each other at the same rate. The centre of the zone is closer to Townsville than to Woodstock, despite the population at Woodstock being of more recent origin (fig. 4 ). This implies that dispersal from Woodstock towards Townsville has been faster than dispersal in the opposite direction. This may be explained by the fact that toads moving from Woodstock towards Townsville would have followed the Ross River and its tributaries ( fig. 1) . The construction of the Ross River Dam was more recent than the probable date at which toads moved through the area which the reservoir now covers; it would not therefore have impeded the downstream movement of toads.
The rate of spread of a population into a new area (p) is related to the standard deviation of individual dispersal distances (a-) and the rate of growth of newly formed populations (a) by the following equation p = a-'/ (Skellam, 1951) . used this relationship to determine 2o-, the root mean square dispersal distance or the radius of a genetic neighbourhood from dispersal data. They did this by assuming that in Bufo marinus a is large enough that in any generation 2a-= p (which is reasonable given the available data on the species reproductive biology) and that generation time is approximately one year. Assuming a 2 km/year rate of spread into new areas (i.e., before introgression) along the GiruTownsville transect, this approach gives an estimate for 2o-of 2 km for the populations along this transect. 2o-can also be estimated from the width of the introgression zone or dine (w, the distance between 5 per cent and 95 per nt admixture) using the relationship 2o-w/2-/T, where T is the number Table 5 Estimates of total admixture (m) and their standard deviations (0-,,,) loci in four populations in the Townsville region. of generations since initial contact (Endler, 1977 estimates are reasonably accurate and that the methods used to obtain them are substantially valid. combined their estimates of 2cr with others of population density, offspring number variance and sex ratio disparity to estimate the sizes of genetic neighbourhoods (N) for different habitats as N = 4cnr2d, where d is the population density (toads/km2). For "semiurban" habitats (such as those at the collection sites in the present study) toads occur at densities of between 1500 and 3000/km2 . The estimates of neighbourhood size obtained using these d values and using 2cr values of 2, 3 and 5 km are 1885-3700, 4241-8482 and 11,800-13,600, respectively.
Thus the difference in the estimate of 2cr from the two studies results in approximately a two-to six-fold difference in the estimate of neighbourhood size. Although the neighbourhood size estimate here is less than that obtained previously, it
is still approximately an order of magnitude greater than estimates of effective population size (346 and 390) based on analysis of allele frequency variances in the populations of the ten initial release sites in Hawaii and Australia (Easteal, 1985a) . Easteal (1985a) and have argued that the discrepancy between their estimates (based on "ecological" and "genetic" methods) results mainly from incorrect estimates of the values of the ecological parameters important in determining neighbourhood size and not from an incorrect assumption of selective neutrality in the allele frequency variance analysis.
The results of the present study suggest that a component of the previously noted discrepancy may have been due to an inaccurate estimate of gene flow rate. However, this component was not significant in the sense that, taking it into account, there remains an order of magnitude difference between the estimates, and this is still large enough to have a crucial effect on an understanding of population structure. The conclusion drawn from the results of the allele frequency variance analysis is that genetic drift is an important force in determining population structure. The conclusion from the ecological analysis is that neighbourhood size is too large for genetic drift to be important and that there will be little if any differentiation among local populations at equilibrium, assuming selective neutrality (Wright, 1943) .
The residual discrepancy may be due to errors in the estimation of population density, offspring number variance or sex ratio disparity. The potential for error in these parameters, as they were estimated by and have been determined by other investigators, is large and likely to result in overestimates of neighbourhood size . In other studies gene flow rate is usually estimated as dispersal rate and thus tends also to give an overestimate of neighbourhood size.
Comparison of the results of this study and those of Easteal (1985a) and shows that the extent of overestimation can be great enough to result in entirely erroneous conclusions about the genetic structure of populations and that this is true even when accurate estimates of gene flow rate can be obtained. The results caution against making inferences about genetic population structure based on ecological studies.
